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INTRODUCTION

Most human nutrition is derived from do-
mesticated plants. Significant factors con-
trolling the productivity of agricultural
crops are under human control; funda-
mentally their evolution is in our hands. As
Sir Otto Frankel once remarked, we have
acquired “evolutionary responsibility” for
them. A discussion about the impact of cli-
mate change on agriculture cannot, there-
fore, be about climate’s effects on only
plants and agricultural ecosystems. It must
also concern how we discharge our evolu-
tionary responsibility and assist agriculture
in adapting to dramatically new conditions.
Agriculture—plant and animal domesti-
cation—arose in multiple locations around
the world in the early and middle Holocene
and thereafter spread globally (Larson et al.
2014). As a consequence of the transition
from hunting and gathering to agriculture,
human beings became increasingly depen-
dent on the vagaries of weather, as seden-
tary farmers’ livelihoods are more sensitive
to fluctuations in temperature and rainfall
than those of nomadic hunter-gatherers.
Over time, exposure to different envi-
ronments, climates, and human cultures
helped generate and sustain enormous ge-
netic diversity within the gene pools of the
different domesticated crops. According to
the statistics of the Food and Agriculture
Organization of the United Nations, wheat,
which originated in the Near East as a crop,
is now grown in 124 countries, and maize,
domesticated in the Americas, is cultivated
in 166 countries (FAO 2014). Thus, the eco-
logical niche of agricultural subsistence is
wide, but climate change is about to alter
the climatic parameters of that niche in
an unprecedented way in many parts of
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the world. There is evidence that agricul-
tural production is already being substan-
tially and negatively affected by changes in
climate, and projections based on climate
models indicate that later in this century
many farming areas will have climates not
experienced during the entire history of ag-
riculture. We are seeing an increasing mis-
match between our crops and the human-
altered environment (Carroll et al. 2014).

One in eight persons on Earth today, or
more than 795 million in total, are already
considered food insecure (FAO, IFAD, and
WEP 2016). Most undernourished people
live in South and East Asia and Sub-Saharan
Africa. Although the challenge of adapting
agriculture to new environmental circum-
stances will be global, posing an obstacle to
development goals at all levels, it will take
on a particularly urgent humanitarian as-
pect where the poor and food insecure are
concentrated, where the impacts of climate
change on food production tragically will
be most severe.

IMPACTS

Crop yield is the most studied aspect of the
impacts of climate change on food security.
A large number of studies document that ef-
fects are already evident in several regions
and project increasingly negative effects on
yield. Climate extremes including unusually
hot night- and daytime temperatures as well
as natural disasters attributed to anthropo-
genic activity have already negatively affected
overall crop production (Porter et al. 2014). A
study at the International Rice Research Insti-
tute (IRRI) found that a 1°C increase in min-
imum temperature during the dry growing
season had the effect of reducing rice yields
by 10 percent (Peng et al. 2004). Lobell et
al. (2011) found that global maize production
declined 3.8 percent and wheat declined 5.5
percent between 1980 and 2008 compared
to a counterfactual without climate change.
There are two principal types of studies
estimating effects of climate change on fu-

ture crop yield: statistical models relying on
historical yield and weather data, and bio-
physical or process-based models relying on
data from experimental crop trials (Porter
et al. 2014; Lobell and Burke 2010). A recent
global meta-level study that synthesized
projections from more than 1,700 pub-
lished simulations to evaluate yield impacts
of climate change concluded: “There is a
majority consensus that yield changes will
be negative from the 2030s onwards. More
than 70 percent of the projections indicate
yield decreases for the 2040s and 2050s, and
more than 45 percent of all projections for
the second half of the century indicate yield
decreases greater than 10 percent” (Challi-
nor et al. 2014, 289). The picture emerging
from these models is dire. At a global aggre-
gate level, yields of maize and wheat begin
to decline with 1°C-2°C of warming in the
tropics, while temperate maize and tropi-
cal rice yields are significantly affected with
warming of 3°C=5°C (Porter et al. 2014).

These global estimates mask considerable
regional differences, however. Studies pro-
jecting positive effects on crop production
in temperate regions buffer some of the an-
ticipated decreases in yields in tropical re-
gions for which there is strong consensus
(Challinor et al. 2014). But the latest report
from the International Panel of Climate
Change (IPCC) (Porter et al. 2014) says it is
now less likely that moderate warming will
raise crop yields at mid- to high latitudes
than projected in their previous assessment.
Instead, the IPPC projects that there will be
more yield decreases than increases even
under moderate warming.

Sub-Saharan Africa is emerging as a re-
gion that will be particularly hard hit by
climate change. On the basis of national
historical climate and crop production data,
Schlenker and Lobell (2010) projected ag-
gregate production losses of 17 percent for
sorghum and 22 percent for maize in the re-
gion by midcentury (Schlenker and Lobell
2010). Lobell et al. (2011) analyzed experi-
mental yield data from 20,000 maize trials
across South and East Africa and projected
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that 1°C warming will lead to yield losses
in 65 percent—100 percent of the regions’
maize growing areas. They found signifi-
cant varietal differences depending on the
maturity period of the varieties and on
whether the variety is hybrid or open pol-
linated (Lobell et al. 2011). At a local level
in this region, Thornton et al. (2009) used
a biophysical crop model to estimate effects
in grids corresponding to ~18 km by 18 km
in the landscape and found that between 9
percent and 33 percent of the assessed grids
across East Africa are likely to see a potential
yield loss of more than 20 percent for maize
by 2050.

Impact studies generally agree that the
effect of temperature increase will be more
important than changes in precipitation
and that the benefits of increased CO, in
the atmosphere for photosynthesis will be
outweighed by the negative effects of tem-
perature increase (Lobell and Gourdji 2012;
Thornton et al. 2009). Excessive heat can
harm virtually all plant parts and affect plant
growth at every stage in the life cycle. The
life cycle and growth period are shortened.
Leaves curl and wither, reducing light inter-
ception. Partial closure of stomata to reduce
transpiration increases canopy temperature
and reduces photosynthesis effectiveness.
The quantity, quality, and timing of growth
in reproductive tissue are reduced (Cairns et
al. 2013; Cossani and Reynolds 2012). Thus,
negative effects of heat both cause and com-
pound already existing moisture deficien-
cies. Most yield projections omit consid-
eration of pest, weed, and disease impacts
on crop yields, but several studies conclude
that changes in climate and CO, concentra-
tion will alter the distribution and probably
increase the competitiveness of nematodes,
insects, fungal diseases, and weeds in many
areas (Ziska et al. 2011; Porter et al. 2014).
Effects on other biotic factors important for
crop production such as on soil communi-
ties are underresearched but also represent
potential threats to agricultural production.

At 2°C of global warming, many crops
will begin to enter a new, historically un-

precedented climate territory. New cli-
mates will generate combinations of con-
ditions and biological assemblages with
no current analogues (Burke, Lobell, and
Guarino 2009). Changes in climate ex-
tremes can have more adverse impacts on
crop production than changes in means.
Moreover, today’s extremes might become
tomorrow’s normal—today’s hot growing
seasons, which often result in large de-
clines in food production, could become
the cool and “best” growing seasons of
the future (Figure 27.1). The damage done
by short-run events could become long-
term trends without sufficient invest-
ments in adaptation (Battisti and Naylor
2009). A recent statistical study of global
crop production and extreme weather
events found that droughts and extreme
heat have reduced national cereal produc-
tion by 9 percent—10 percent and 8 per-
cent—11 percent more damage in devel-
oped countries than in developing ones
(Lesk, Rowhani, and Ramankutty 2016).
This is dire evidence in light of the esti-
mate that by 2050, the majority of African
countries will experience climates over at
least half their current crop area that lie
outside the range currently experienced
within the country (Burke, Lobell, and
Guarino 2009).

Evidence presented in previous chapters
of this book suggests substantial risks to
wild plant biodiversity due to range shifts
and contraction in habitats with suitable
climates. In a seminal study, Thomas et al.
(2004) predicted that 15 percent—37 per-
cent of wild plant biodiversity is threatened
with extinction due to climate change by
2050. Similar projections have been made
for crop wild relatives. Jarvis et al. (2008)
estimates that up to 61 percent of wild pea-
nut (Arachis) species, 12 percent of potato
(Solanum) species, and 8 percent of cowpea
(Vigna) species could become extinct within
50 years due to climate change. Other eco-
logical niche modeling studies have pro-
jected large contractions in distribution
areas for wild relatives in the Cucurbitacea
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Figure 27.1. Historic and future average growing condi-
tions in Peru and South Africa. (Data from Battisti and
Naylor 2009.)

family (to which pumpkins and squashes
belong) in Mexico (Lira, Téllez, and Davila
2009), on wild relatives of maize (Zea) in
Mexico (Ureta et al. 2012), and wild Arabica
coffee (Coffea arabica) in Ethiopia (Davis et al.
2012). Like wild plant biodiversity, crop
wild relatives will face many compounding
influences such as habitat degradation due
to agriculture and human infrastructure,
and shifts in pests and disease stress.

CLIMATE CHANGE AND FOOD
SECURITY

Future food security will be affected not
only by crop production levels but also by a
host of socioeconomic factors that make it
difficult to link climate change unambigu-
ously to impacts on food security (Lobell
and Gourdji 2012; HLPE 2012). Neverthe-
less, the IPCC highlights that climate change
is likely to affect all aspects of food security,
not only food availability, but also food ac-
cess, utilization, and price stability (Porter
et al. 2014). Nutritional quality of food and
fodder (important for the utilization aspect
of food security) is negatively affected by
elevated CO, (Myers et al. 2014; Porter et
al. 2014). Climate extremes have, together
with other factors, played a role in peri-
ods of rapid food and cereal price increases
(important for access and stability aspects of
food security) in recent years. Yield losses in

Temperature Anomaly (°C)

wheat and maize caused by already evident
climate change between 1980 and 2008 re-
sulted in an estimated average commodity
price increase of 6.9 percent compared to
a counterfactual with no climate change in
the period (Lobell, Schlenker, and Costa-
Roberts 2011). Projecting this trend into the
future, the IPCC finds that changes in tem-
perature and precipitation, without con-
sidering effects of CO,, will contribute to
increased global food prices in the range of
3 percent—84 percent by 2050 (Porter et al.
2014).

Periods of abnormally hot weather in
the past provide an imperfect but important
glimpse of how we might expect agricul-
tural and social systems to react in the fu-
ture unless food production keeps pace with
the growing demand. Significant climate
events due primarily, it is argued, to their
impact on food production have been posi-
tively correlated with increased incidents
of war and civil strife over the past 2,000
years (Bilintgen et al. 2011; Hsiang, Burke,
and Miguel 2013). As for food security, the
effect of climate change on human security
will heavily depend on political and eco-
nomic pathways taken (Theisen, Gleditsch,
and Buhaug 2013), but the link between cli-
mate-caused food scarcity and social insta-
bility is arguably an underlying trend in hu-
man history. Analyzing new conflict event
data covering Asia and Affica in the period
1989-2014, von Uexkull et al. (2016) found
that for groups depending on agriculture
living in poor countries and experiencing
political exclusion, droughts significantly
increased the likelihood of violence.
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PREPARING FOR CLIMATE CHANGE
THROUGH CROP ADAPTATION

As the twenty-first century progresses, a
central question becomes whether, to what
extent, and through which means agri-
culture will successfully adapt to climate
change. This question is critical to food
security, to global peace, and to the envi-
ronment, because agricultural systems that
function poorly are a threat to all.
Challinor et al. (2014) assess several
common adaptation strategies in agricul-
ture: cultivar adjustment, planting date ad-
justment, and irrigation and fertilizer opti-
mization. Cultivar adjustment is estimated
to be the most effective measure with a me-
dian potential to increase yield by 23 per-
cent compared with situations where farm-
ers do not change cultivars (Figure 27.2).
Cultivar adjustment refers to switching
to a presumably better adapted variety, be
it a local or an improved variety and can
involve both formal and informal seed sup-
ply systems (Westengen and Brysting 2014).
Recent typologies of adaptation distinguish
between incremental, systemic, and trans-
formative adaptation options (Vermeulen
et al. 2013; Porter et al. 2014; Rippke et al.
2016) In this typology, cultivar adjustment
involving local varieties and informal seed
supply systems exemplifies incremental ad-
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aptation as they are “based on long experi-
ence in dealing with a highly variable en-
vironment” (Vermeulen et al. 2013), while
those involving improved varieties are
classified either as incremental or systemic
change, depending on whether the variet-
ies are available off the shelves or are devel-
oped through targeted breeding programs.
The cardinal question is whether farmers
and breeders will be able to adapt based
on the genetic variability in traditional and
improved varieties. Early research into this
question indicates that although there is
great genetic potential in available genetic
resources, there are challenges regarding
access to the appropriate genetic resources,
both for farmers and for breeders (Burke,
Lobell, and Guarino 2009; Bellon, Hod-
son, and Hellin 2011; Bjernstad, Tekle, and
Goransson 2013).

Adaptation of crops to warmer new cli-
mates will not be reliably—and certainly not

Figure 27.2. The percentage benefit (yield difference be-
tween cases with and without the adaptation) for differ-
ent crop management adaptations: cultivar adjustment
(CA); planting date adjustment (PDA); adjusting plant-
ing date in combination with cultivar adjustment (PDA,
CA); irrigation optimization (IO); fertilizer optimiza-
tion (FO); other management adaptations (Other). The
simulated median benefit is marked with a solid, dark
gray, horizontal line and the whiskers indicate the 25th
and 75th percentile. (Based on data from Challinor et al.
2014; Porter et al. 2014.)
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always—achieved by shifting production of
current varieties to cooler climates. Such
shifts involve changes in photoperiod, rain-
fall timing, pests and diseases, and involve-
ment of other flora and soil types, making
adaptation a nontrivial event. Incremental
crop adaptation to environmental change
by on-farm selection of local populations
has dominated the 10,000-year history of
agriculture; this is still the major pathway to
crop adaptation for many crops in develop-
ing countries where informal seed systems
dominate. Local varieties called landraces
typically have a long history in their par-
ticular, often limited human and ecologi-
cal communities and are adapted to those
specific niches. But given the rapidity and
scale of the projected climate change, land-
races may experience a loss of the adaptive
advantages they currently have. We cannot
assume that landraces will routinely “evolve
their way” into new climate regimes. Sci-
entific plant breeders typically have access
to a larger gene pool than farmers working
with landraces, and therefore have a larger
toolbox of genetic traits as well as tech-
nologies to draw on when developing new
varieties. Integration of formal and infor-
mal seed system institutions and collabora-
tion between farmers and breeders will be
needed to harness the strengths of local and
scientific knowledge (McGuire and Sperling
2013; Challinor et al. 2016; Westengen and
Brysting 2014).

Because farmers and their crops are
headed into uncharted territory, the em-
ployment not just of the primary but also
of the secondary and tertiary gene pools of
crops will likely be useful in deploying im-
portant adaptive traits. Crop wild relatives
are increasingly recognized as a key re-
source for adapting crop species to climate
change (McCouch et al. 2013). Successful
utilization of genetic resources from other
countries and from crop wild relatives in
plant breeding relies on functioning poli-
cies, economic and scientific factors on the
supply side as well as policies and socioeco-
nomic factors on the demand side.

The alternative to adaptation on existing
farmland will often be expansion of agri-
culture into nearby natural habitats. A re-
cent study modeling climate change effects
on global wine-grape production shows
how agricultural adaptation may affect eco-
systems negatively if farmers respond to
declining climate suitability in traditional
wine-growing areas by expanding into
wildlife habitats (Hannah et al. 2013). Such
indirect effects of climate change on biodi-
versity exacerbate direct impacts described
in previous chapters of this book.

In addition to the five agricultural adap-
tation strategies described above, there are
also a range of other adaptation strategies
used by farmers around the world, some
on-farm and some off-farm strategies. The
options are widely different for a large
corn farmer in Iowa, in the United States,
compared to those available to a small-scale
farmer in Morogoro, in Tanzania. Cultivar
adjustment alone is unlikely to be a suffi-
cient response, but without it other mea-
sures cannot succeed.

INSTITUTIONAL PREPAREDNESS:
GAPS AND PROGRESS

Because new crop varieties typically take a
decade or for some crops much longer to
develop and deploy, the impact of climate
change on agriculture and food becomes,
to some extent, a question of how well pre-
pared we are to begin to produce these new
adapted varieties for the expected climate of
2025 and beyond. In other words, do we
have access to the needed raw material?
Collecting of economic plants dates to
4500 BP. From the sixteenth century, bo-
tanical gardens were heavily involved. The
geneticist N. I. Vavilov in the former So-
viet Union organized the first systematic
large-scale collections of crop diversity in
the 1920s, which were conserved in St.
Petersburg (then Leningrad) and used for
plant breeding and research (Plucknett et
al. 1987). The United States established its
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national genebank in 1954. Today, FAO re-
cords some 1,750 genetic resource collec-
tions housing more than 7 million samples.
There is currently much duplication of con-
servation efforts, with the same samples
held by several genebanks, and the FAO
estimates that only 25 percent-30 percent
of the total number of samples are unique
(FAO 2010). This duplication of conserva-
tion efforts and proliferation of genebanks
would not be a concern were it not for the
fact that only a few of them actually offer
secure long-term conservation and access
(FAO 2010). A partial solution—an op-
portunity to solve this problem—is pro-
vided by the legal framework provided by
the International Treaty on Plant Genetic
Resources (ITPGRFA) and the institutional
support provided by the Global Crop Diver-
sity Trust, both crucial instruments for the
development of an efficient and sustainable
system of ex situ conservation called for by
the FAO (2010).

Plant-breeding expertise and investment
is focused on a small number of commer-
cial crops, with maize at the top of the list.
Perhaps half of all domesticated crops have
never had a single Mendelian-trained plant
breeder working with them (Fowler and
Hodgkin 2004). Even crops of tremendous
importance (e.g., banana, yam) have fewer
than 10 plant breeders (Fowler and Hodg-
kin 2004). This would indicate a severe lack
of capacity to develop adapted new varieties
quickly. Furthermore, as many as a billion
people live in farm families that are largely
self-provisioning in terms of seeds; these
are families mainly in developing countries
with limited access to the genetic resources
outside their own communities that might
be needed for crop adaptation to significant
climate change through on-farm selection
and breeding. Genetic diversity and the dif-
fusion of diversity such as took place with
the massive government seed distribution
in the United States in the 1800s (Fowler
1994) have heretofore enabled wide adap-
tion, but no large-scale programs exist to-
day to provide this diversity to farmers who

by default are the sole plant breeders for
many crops.

Although plant genetic resource collec-
tions are numerically large globally, there
are questions about the adequacy of collec-
tions for many individual crops (Fowler and
Hodgkin 2004); moreover, no country is
even remotely independent or self-reliant in
terms of the resources they will need in the
future for plant breeding. Every country is
in some way dependent on others (Khoury
etal. 2016). Figure 27.1 shows how dramati-
cally the growing climates might change in
individual countries, a reminder of coun-
tries” interdependency in terms of crop ge-
netic resources needed to sustain breeding
and production. Recognizing this interde-
pendency, the ITPGRFA mandates “facili-
tated access” among its member states, but a
recent survey shows that fewer than 40 per-
cent are providing access; many genebanks
do not respond to requests or deny them
outright. Political obstacles cripple imple-
mentation of this key provision and even
deter open acknowledgment of the problem
by countries (Bjornstad, Tekle, and Gérans-
son 2013). This lack of access to genetic re-
sources can be an impediment to develop-
ment and deployment of traits needed for
crop adaptation to climate change.

In recent years there has, however, been
progress in securing the conservation of
plant genetic resources. The Global Crop
Diversity Trust established an endowment
to provide ongoing funding to important
collections. Norway constructed and—to-
gether with the Nordic Genetic Resource
Centre and the Global Crop Diversity
Trust—oversees the Svalbard Global Seed
Vault, which functions as a safety net for the
emerging international ex situ conservation
system for seed crops (Westengen, Jeppson,
and Guarino 2013; Fowler 2008). By the end
of 2017, nearly 1,000,000 safety duplicates
of accessions (varieties or populations) held
in more than 60 genebanks were conserved
at Svalbard.

Successful adaptation of crops to climate
change will be required for the world to
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avoid significant increases in hunger, mal-
nutrition, political instability, and environ-
mental destruction. Additional investments
will need to be made in crop diversity col-
lection and conservation, in the screening
of collections for useful traits, and particu-
larly in plant-breeding programs, including
for those crops for which there is little or
no effort under way presently. Such efforts
are a basic prerequisite for crop adaptation.
If crops do not successfully adapt to climate
change, neither will agriculture and neither
will we.
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